, and STS-32(ULF4). These samples were packed into coolers along with ice packs and transported to Houston via commercial air transport. The ISS water samples that returned on Soyuz 19 through Soyuz 23 were retrieved from the vehicle by Russian specialists and subsequently transferred to a NASA representative for cold packing and transportation to Houston via NASA jet. The WAFAL representative took possession of the return after their arrival in Houston for delivery to the JSC laboratory.
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Introduction
While the International Space Station (ISS) recently celebrated the 10-year anniversary of human occupation by some 25 different expedition crews, the Johnson Space Center's (JSC) Water and Food Analytical Laboratory (WAFAL) quietly continued its key role of performing ground-based chemical analyses of returned archival water samples to verify that the ISS potable water remained safe for crew consumption. Chemical analysis results for samples collected during Expeditions 1-20 have been previously published. [1] [2] [3] [4] [5] [6] [7] [8] This paper presents and discusses the analytical results from chemical analyses of the archival potable water samples collected and returned during Expeditions 21 -25, as detailed in Table 1 . Only chemical analysis results are discussed herein, as the JSC Microbiology Laboratory has responsibility for microbiological monitoring of the ISS potable water supplies.
The WAFAL sent a representative to the Kennedy Space Center in Florida to retrieve and return the ISS potable water samples that returned on Shuttle flights STS-129 (ULF3), STS-130 (20A), STS-131 (19A), and STS-32(ULF4). These samples were packed into coolers along with ice packs and transported to Houston via commercial air transport. The ISS water samples that returned on Soyuz 19 through Soyuz 23 were retrieved from the vehicle by Russian specialists and subsequently transferred to a NASA representative for cold packing and transportation to Houston via NASA jet. The WAFAL representative took possession of the return after their arrival in Houston for delivery to the JSC laboratory.
Once the samples arrived in the WAFAL, allocation was performed based upon return sample volume. The samples collected into U.S. 1-L Teflon® sample bags typically contained sufficient sample volume (> 500 mL) to support full chemical characterization using the standard and custom analytical methods identified in Table 2 .
Water samples collected for return on Soyuz were typically less than 500 mL volume, requiring elimination of some analyses and/or reductions in sensitivity of other analyses performed. During data analysis and reporting, the analytical results for each sample are compared as appropriate against either the Russian Segment potable water quality requirements found in the ISS Medical Operations Requirement Document (MORD) 9 or the U.S. Segment potable water quality requirements found in the System Specification for the ISS document.
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Background
Over the 14-month period beginning October 2009, the Expeditions 21 to 25 crews onboard the International Space Station had access to 3 different sources of potable water: U.S. potable water recovered from urine distillate and humidity condensate, Russian ground-supplied potable water, and Russian potable water regenerated from humidity condensate. These different water supplies were available via water systems located in the U.S. Segment and the Russian Segment of the ISS. 
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The WRS includes a urine processor assembly (UPA) that uses a distillation process to purify pretreated urine. The resulting urine distillate is stored in a wastewater tank where it is combined with humidity condensate recovered from the ISS atmosphere. The WRS also includes a water processor assembly (WPA) that uses adsorption/ion exchange and thermal catalytic oxidation to remove contaminants from the combined wastewater feed stream. After iodine biocide is added, the WPA product water is then stored for delivery to the potable water bus. The potable water dispenser (PWD) receives water directly from the potable bus and provides either hot or ambient water for crew use, after removing the iodine biocide at the point of use. Iodinated potable water transferred from the Space Shuttle can also be added directly to the WPA storage tank in the event that make-up water is needed.
A total organic carbon analyzer (TOCA) was also delivered with the WRS in November of 2008. 11 Since that time the TOCA has served as a real-time tool for monitoring the total organic carbon (TOC) content of the WPA product water on a weekly basis. The TOCA includes a dedicated hose for direct sampling of water from the WPA product tank. It has also been used monthly to analyze samples collected from the PWD use-point in Teflon® sample bags. In-flight TOCA results provide insight into the total amount of organic contamination in the WPA water without identification of specific organic constituents. biocide) continued to be low in the SRV-K samples (2-90 µg/L), indicating that heating of the water by the galley continues to be the main source of microbial control. The TOC levels ranged from 0.19-1.32 mg/L ( Figure 6 ). Trace levels of bromodichloromethane (1.2 µg/L), 1,2-dichloroethane (0.6 µg/L), chloroform (28 µg/L), diethyl ether (4 µg/L), o-xylene (1.5 µg/L), and dibutylphthalate (5 µg/L) were identified; however, these levels were not considered to be toxicologically significant.
SVO-ZV Potable Water Samples
All chemical parameters measured for the 3 SVO-ZV water samples were within the ISS MORD requirements except for turbidity (2.0 -3.8 NTU) which exceeded the 1.5 NTU limit. The concern with elevated turbidity in the SVO-ZV samples is that particulates causing the turbidity can shield bacteria from the silver biocide. The dissolved silver levels ranged from 2-90 µg/L (Figure 8 ) indicating that a small amount of the particulates are due to colloidal silver which may mitigate this concern. The total silver levels in the January 6 and March 3 samples of 173 and 276 µg/L, respectively, ( Figure 8 ) were both below the expected range of 400-500 µg/L, increasing the risk of microbial growth in the water. On the other hand, the total silver level in the February 3 sample was 405 µg/L and within the expected range. Manganese levels in the 3 samples ranged from 35-36 µg/L and were well below the ISS MORD limit ( Figure 7 ). The TOC levels ranged from 3.26-3.48 mg/L, all well within specifications. Although chloroform (89.2 µg/L) exceeded the 80 µg/L EPA limit in the March 3 rd sample, it was within the 6,500 µg/L Spacecraft Water Exposure Guideline (SWEG) for total trihalomethanes and thus did not pose a crew health risk. Only trace levels of bromodichloromethane (3.0-3.1 µg/L) and chloroform (68-77 µg/L) were identified in the other 2 samples.
EXPEDITION 23
A total of 14 chemical archival potable water samples, including 2 SRV-K hot, 2 SRV-K warm, 3 SVO-ZV, 3 PWD ambient, 2 PWD hot, 1 PWD Auxiliary Port, and 1 WPA Rack Interface Panel (RIP) were collected during Expedition 23 as detailed in Table 1 
ISS US SEGMENT: WPA Processed Water Samples
All chemical parameters measured for the 7 potable water samples taken from the PWD, WPA RIP, and PWD Auxiliary Port met requirements in SSP 41000. The nickel levels (see Figure 1 ) ranged from 26-270 µg/L, with the highest level coming from the Aux port. The total iodine (I) was <0.05 mg/L for the PWD ambient and hot samples and meets the requirement limit of 0.2 mg/L at the points of consumption (Figure 2 ). Total iodine levels were 2.24 and 2.72 mg/L in the PWD Aux and WPA RIP samples, both within the range of 2-4 mg/L that is the desired level for WPA product water. Iron was not detected in any of the 7 samples. The TOC levels ranged from 0.16-0.26 mg/L, well within the 3 mg/L limit (see Figure 4 ). Trace levels of acetone (11-39 µg/L), iodomethane (5 µg/L), methyl sulfone (34-98 µg/L), o-xylene (1.5 µg/L) and formaldehyde (2-6 µg/L) were identified in the samples. These trace levels were toxicologically insignificant.
ISS RUSSIAN SEGMENT: SRV-K Potable Water Samples
All chemical parameters measured for the 4 SRV-K water samples met requirements listed in the ISS MORD with the exception of the nickel level of 116 µg/L in the March 31, 2010 SRV-K hot sample, which slightly exceeded the MORD specification of 100 µg/L, but was well within the established SWEG of 300 µg/L ( Figure 5) . The total silver level in the March 31 sample was 131 µg/L, which is within the acceptable biocidal range (>100 µg/L). The silver biocide levels returned to typical low levels in the SRV-K samples collected on April 26 and May18 (5-9 µg/L), indicating that heating of the water in the galley was the main source of microbial control at that time. The TOC levels in the SRV-K samples ranged from 0.18-0.51 mg/L. Traces of 1,4-dichlorobenzene (1.4 µg/L), dibutylphthalate (6 µg/L), 2-methylthiobenzothiazole (4 µg/L), formaldehyde (2-6 µg/L), and chloroform (1.7 µg/L) were identified in the SRV-K samples, which were not toxicologically significant levels. The TOC levels in the 4 SRV-K water samples ranged from 0.18-0.51 µg/L and were well below the limit (Figure 6 ). American Institute of Aeronautics and Astronautics
SVO-ZV Potable Water Samples
All chemical parameters measured for the 3 SVO-ZV water samples met requirements listed in the ISS MORD. Manganese ranged from 27-35 µg/L, well below the specification limit ( Figure 7 ). The total silver levels of 132-187 µg/L were within the acceptable biocidal range (>100 µg/L), but on the lower end of that range which increases the risk of microbial growth (see Figure 8) . The TOC levels in the SVO-ZV water samples ranged from 0.48-3.53 mg/L. The only organics identified in the samples were traces of bromodichloromethane (2.6 µg/L), formaldehyde (3-4 µg/L), and chloroform (1.4-47.8 µg/L). Although the chloroform level of 47.8 µg/L in the March 31, 2010 sample is higher than the historical average of 13.5 µg/L in SVO-ZV samples, it falls well below the EPA maximum contaminant limit for trihalomethanes of 80 µg/L. Accordingly, none of the organics detected were at levels sufficient to pose a crew health risk.
EXPEDITION 24
A total of 4 chemical archival potable water samples, including 2 PWD ambient, 1 PWD hot, and 1 WPA RIP were collected during Expedition 24 as detailed in Table 1 . The 4 samples collected on July 14, 2010, July 29, 2010, August 25, 2010, and September 15, 2010 were returned on Soyuz 22 and received in the WAFAL on September 26, 2010. All of the samples were collected using U.S. 1-liter Teflon® water sample bags. Due to limited sample volume, turbidity was not analyzed on the WPA RIP sample, and solids were not analyzed on any of the samples.
ISS US SEGMENT: PWD Potable Water Samples
All chemical parameters measured for the 3 potable water samples from the PWD met requirements in SSP 41000. The nickel levels (see Figure 1 ) ranged from 4-29 µg/L. The total iodine (I) was <0.05 mg/L and met the requirement of 0.2 mg/L at points of consumption (Figure 2 ). The iron levels remained below the detection limit ( Figure 3 ). The TOC levels ranged from 1.11-2.19 mg/L, within the 3 mg/L limit, but trending up beginning July 14, 2010 (see Figure 4) . A comparison of in-flight versus archival TOC results is presented in Figure 9 . The archival TOC results confirm the trend seen with the TOCA in-flight analyses, although the TOCA results, on average, are 45% lower than the archive results ( Figure 9 ). Routine analyses for target organics showed only trace levels of 2-butanone (<2-4 µg/L), methyl sulfone (<4-36 µg/L) and formaldehyde (5-8 µg/L) in the samples that were toxicologically insignificant. As the target list did not reveal the contaminant responsible for the increase in TOC, efforts to look for unknown compounds were initiated. A method for glycerol was developed but this compound was not detected in any of the potable samples. Further American Institute of Aeronautics and Astronautics work, however, showed an unknown peak in the gas chromatography/mass spectrometry (GC/MS) analysis for glycols. This unknown was identified as dimethylsilanediol (DMSD) by GC/MS analysis.
11 A method for analysis of DMSD was then developed, which provided estimated DMSD levels from 4.7-8.2 mg/L. The results from the DMSD analysis should be considered estimates only as the synthesized standard used for calibration was not traceable. Using the estimated DMSD levels, the organic carbon accountability for the potable water samples ranged from 98-111% indicating that DMSD was the primary contributor to the elevated TOC in the WPA product water. An interim SWEG of 25 mg/L was subsequently established for DMSD. Accordingly, in-flight levels did not pose a crew health risk.
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Non-routine silicon analysis by inductively coupled plasma/mass spectrometry (ICP/MS) was also conducted to confirm that the unknown contained silicon and whether there were additional silicon containing contaminants in addition to the DMSD. The results show that the silicon levels ranged from 1.21-2.13 mg/L. These levels are slightly less than values predicted using the estimated DMSD levels, confirming that most of the silicon was accounted for in the DMSD analysis.
More detailed descriptions of the extensive work performed to identify and quantify the DMSD and of the multidisciplinary teamwork used to evaluate associated risk and investigate potential sources and root cause can be found in other recent publications.
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WPA Processed Water Sample
The TOC level in the product water sample from the WPA RIP was 2.18 mg/L, which also reflects an upward trend ( Figure 4 ). Methyl sulfone and formaldehyde were identified at toxicologically insignificant levels of 150 µg/L and 8 µg/L, respectively. Glycerol was not detected and the silicon level was 1.77 mg/L. The estimated DMSD concentration was 7.3 mg/L, and well below the interim SWEG of 25 mg/L. Organic carbon accountability for the sample improved to 90%, with DMSD as the primary contributor.
EXPEDITION 25
A total of 3 chemical archival potable water samples, including 2 PWD hot and 1 SRV-K warm, were collected during Expedition 25 as detailed in Table 1 . The 3 samples were collected on October 19, 2010 and November 23, 2010, returned on Soyuz 23 and received in the WAFAL on November 29, 2010. All of the samples were collected using U.S. 1-liter Teflon® water sample bags. Due to limited sample volume, total dissolved solids were not analyzed on any of the samples and turbidity was not analyzed on the October 19 PWD sample or the SRV-K sample.
ISS US SEGMENT: PWD Potable Water Samples
All chemical parameters measured for the 2 potable water samples from the PWD met ISS quality requirements listed in SSP 41000. The nickel levels of 17 and 23 µg/L were well within specifications (see Figure 1 ). The total iodine (I) levels were below the detection limit (<0.05 mg/L) and met the ISS limit of 0.2 mg/L at points of consumption (Figure 2 ). The iron levels remained below the detection limit (Figure 3 ). The TOC levels of 2.51 mg/L on October 19 and 0.15 mg/L on November 23 indicate that the TOC level in the WPA product water continued to rise until mid-October, but never reached the 3 mg/L limit before falling precipitously (see Figure 4) . These results confirm the TOCA in-flight data trend and an offset between TOCA results and archive results (Figure 9 ). The primary contributor to the elevated TOC again proved to be DMSD. The DMSD level in the October 19 sample of 8.49 mg/L is the highest seen in product water to date, but still well below the recently established SWEG of 25 mg/L. As expected, DMSD was not detected (<2 mg/L) in the November 23 sample collected after the TOC of the WPA product water returned to a nominal low level. Again, these DMSD results should be considered estimates as the synthesized standard used for calibration of the DMSD method was not traceable. Routine analyses for other target organics detected only trace levels of acetone (< 2 and 40 µg/L), 2-butanone (< 2 and 24 µg/L), and methyl sulfone (48 and 50 µg/L) in the samples. Non-routine silicon analysis by ICP/MS was also performed to confirm the presence of DMSD and determine if there were additional silicon containing contaminants present in the samples. The results indicated silicon levels of 0.94 and 0.22 mg/L in the October 19 and November 23 samples, respectively. These levels are slightly less than values predicted using the estimated DMSD levels, thereby confirming that most of the silicon in the samples was being accounted for in the DMSD analysis. American Institute of Aeronautics and Astronautics
ISS RUSSIAN SEGMENT: SRV-K Potable Water Sample
All chemical parameters measured for the SRV-K warm water sample were within the ISS MORD requirements. The nickel level of 32 µg/L was well below the specification limit ( Figure 5) . The silver biocide level of 75 µg/L was below the acceptable biocidal range (>100 µg/L) indicating that heating of the water by the pasteurization unit was the main source of microbial control in the SRV-K galley at the time. As shown in Figure 6 , the TOC level was 0.38 mg/L and well below the specification limit. No specific organics were identified in the sample.
Conclusions
The chemical analysis results for the archival potable water samples collected and returned during Expeditions 21 through 25 indicate that the ISS potable water supplies complied with ISS quality specifications and were acceptable for crew consumption.
Turbidity levels exceeded the ISS MORD limit of 1.5 NTU in 4 of 8 SVO-ZV samples collected during Expeditions 21 through 25. Although elevated turbidity in itself does not pose a direct crew health risk, the concern is that particulate matter causing the turbidity could shield bacteria from the silver biocide that is added for microbial control. Analytical results for dissolved silver indicate that some of the particulates contributing to elevated turbidity are colloidal silver, which has biocidal properties and may help to mitigate the turbidity concern. The silver biocide levels in 2 of 8 SVO-ZV samples were below the acceptable biocidal range (>100 µg/L), which indicates increased risk of microbial growth. Continued close monitoring of the SVO-ZV silver level is therefore recommended to determine if remedial action is required.
Silver biocide levels in all but one SRV-K sample remained typically low (<100 µg/L), indicating that heating of the water by the pasteurization unit continued to be the primary means of microbial control in the SRV-K galley. The nickel level of 116 µg/L in the March 31, 2010 SRV-K hot sample slightly exceeded the ISS MORD specification of 100 µg/L, but was well within the established SWEG of 300 µg/L.
From early July to mid-October the TOC level in the WPA product water showed a continuous rise, approaching the 3 mg/L limit, before falling back to nominal low levels in mid-November. The analytical results for archival PWD and WPA product water samples confirm the TOCA in-flight data trend and an offset between TOCA results and archive results. DMSD was eventually identified as the primary contributor to the elevated TOC. The November 23 PWD sample, collected after the TOC of the WPA product water returned to a nominal low level, did not contain DMSD. It is recommended that WPA troubleshooting support continue as well as support for the multidisciplinary effort to establish root cause and the environmental source(s) of the DMSD.
Appendix
The chemical analysis results for the archival potable water samples collected from the Russian Segment SRV-K (regenerated water) system during Expeditions 21 through 25 are presented in Appendix 1. Analytical results for the chemical archive samples collected from the Russian Segment SVO-ZV (stored water) system during these 5 expeditions are presented in Appendix 2. Appendix 3 contains the chemical analysis results for U.S. Segment Water Processor Assembly product water samples collected during Expeditions 21-25. 
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NA=Not analyzed; MI=Matrix interference *MORD limit 1.5 mg/L (Russian method) **limit does not include contribution from formate #TDS allowable limit after mineralization SWEG -1000 days ( 
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Glycols (DAI/GC/MS) 1,2-Ethanediol (Ethylene glycol) µg/L U.S. 12000/14000 MORD/EPA HA <1000 <1000 <1000 <1000 <1000 <1000 <1000 <1000 <1000 <1000 1,2-Propanediol (Propylene glycol) µg/L U.S. <500 <500 <500 <500 <500 <500 <500 <500 <500 <500
Appendix 2. ISS SVO-ZV Potable Water Summary for Expeditions 21 through 25
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